The millimeter-wave rotational spectra of the lowest bending and stretching vibrational levels of CCH and CCD were observed in a low pressure discharge through acetylene and helium. The rotational, centrifugal distortion, and fine structure constants were determined for the ͑02 0 0͒ and ͑02 2 0͒ bending states, the ͑100͒ and ͑001͒ stretching levels, and the ͑011͒ combination level of CCH. The same pure bending and stretching levels, and the ͑110͒ combination level were observed in CCD. Apparent anomalies in the spectroscopic constants in the bending states were shown to be due to l-type resonances. Hyperfine constants, which in CCH are sensitive to the degree of admixture of the A 2 ⌸ excited electronic state, were determined in the excited vibrational levels of both isotopic species. Theoretical Fermi contact and dipole-dipole hyperfine constants calculated by Perić et al. ͓J. Mol. Spectrosc. 150, 70 ͑1991͔͒ were found to be in excellent agreement with the measured constants. In CCD, new rotational lines tentatively assigned to the ͑100͒ level largely on the basis of the observed hyperfine structure support the assignment of the C-H stretching fundamental ͑ 1 ͒ by Stephens et al. ͓J. Mol. Struct. 190, 41 ͑1988͔͒. Rotational lines in the excited vibrational levels of CCH are fairly intense in our discharge source because the vibrational excitation temperatures of the bending vibrational levels and the ͑110͒ and ͑011͒ combination levels are only about 100 K higher than the gas kinetic temperature, unlike the higher frequency stretching vibrations, where the excitation temperatures are five to ten times higher.
I. INTRODUCTION
On Earth, the ethynyl radical ͑CCH͒, isoelectronic with the widely observed CN radical, is an important intermediate in combustion 1 and in carbon film plasma deposition. 2 It plays a key role in combustion because reaction with C 2 H 2 is very fast and essentially temperature independent, and reactions with other hydrocarbon molecules ͑both saturated and unsaturated͒ are also quite fast. 1 Like CN, CCH radical is observed in many interstellar clouds. Owing to their exothermicity and negligible potential barriers at low temperature, some of the same bimolecular reactions of CCH which are important in terrestrial processes may also contribute to the formation of complex organic molecules in space. 3, 4 The first high-resolution gas phase spectroscopy of CCH was the astronomical detection of the lowest rotational transition in the X 2 ⌺ + ground electronic state. 5 Subsequently, the rotational spectrum of CCH was observed in the laboratory at millimeter and submillmeter wavelengths in the ground vibrational state, [6] [7] [8] and in the lowest bending vibrational level. 9 The additional atom in CCH greatly increases the complexity of its spectrum, especially in the IR, where it has been the subject of numerous spectroscopic studies. 10 In an extensive series of quantum theoretical calculations, [11] [12] [13] [14] [15] [16] [17] Perić et al. showed that much of the spectroscopic complexity in CCH is the result of vibronic coupling of the bending and C-C stretching vibrations in the ground X 2 ⌺ state with the low-lying Ã 2 ⌸ electronic state. 14 The energies of the vibronic states, the extent of 2 ⌸ mixing, spin-orbit splittings, and hyperfine coupling constants for the K = 0 and K = 1 levels up to about 7000 cm −1 have all been calculated theoretically ͑Ref. 17, and references therein͒. Aided by the quantum calculations, approximately 35 bands ͑mostly in the X 2 ⌺ state͒ have now been assigned, 10 including the lowest vibronic state of the Ã 2 ⌸ state, which was identified by Faraday laser magnetic resonance ͑LMR͒ spectroscopy. 18, 19 Despite extensive highresolution and matrix isolation IR, and photoelectron and laser-induced fluorescence ͑LIF͒ spectroscopy of CCH, many IR bands including the fundamental of the C-H stretch ͑ 1 ͒ are still not definitely assigned.
Here we report the millimeter-wave rotational spectra in the lowest vibrationally excited levels of CCH and CCD in the ground X 2 ⌺ electronic state. From these accurate rotational and fine structure constants were determined, and hyperfine structure ͑not present in the IR͒ was resolved in all the vibrationally excited levels. Theory predicts that the hyperfine coupling constants in CCH are sensitive to the degree of admixture of the X 2 ⌺ and Ã 2 ⌸ electronic states, 17 so a detailed comparison of the measured constants with the dipole-dipole and isotropic coupling constants calculated theoretically provides a sensitive measure of the accuracy of the quantum calculations.
II. EXPERIMENT
Millimeter-wave rotational spectra of vibrationally excited CCH were measured with the spectrometer described previously. 20 The radical was produced in a dc glow discharge ͑0.55 A͒ through C 2 H 2 and He ͑in a molar ratio of 7:1͒ with the walls of the discharge cell cooled to 150 K and a total pressure of 25 mTorr. The concentration of CCH in our discharge was about 3 ϫ 10 11 cm −3 ͑for an assumed dipole moment of 0.7 D; Ref. 11͒. The source conditions, which yielded the highest concentration of CCH in the millimeter-wave experiments, differ from those adopted in most IR experiments. For example, Kawaguchi et al. 21 observed the highest yield of CCH in a room temperature discharge of H 2 and C 2 H 2 at 500 mTorr when there was an excess of either H 2 or He. Apparently, attaining a good yield of CCH radicals at the roughly 20 times higher pressure in the IR experiments requires using excess H 2 or He as a buffer gas, presumably because CCH destruction by reactions with organic species present in the discharge is much increased at the higher pressures.
III. OBSERVATIONS
Before considering the rotational spectra in vibrationally excited CCH, it is useful to examine the spectrum in the ground vibrational state. Except for the lowest transition ͑N =1← 0͒, the nearly harmonically related rotational transitions of CCH in the millimeter-wave band are split by the spin-rotation interaction into two components with a separation of about 60 MHz. In the lower rotational transitions, each member of the spin doublet is further split by a few megahertz into two strong ͑⌬F =1͒ hyperfine components and one much weaker ͑⌬F =0͒ component. The 1 and 3 vibrational modes have the same 2 ⌺ symmetry as the ground state, so the rotational spectra in the 1 and 3 states are similar to that of the ground state. Excitation of the 2 bending vibration, however, introduces angular momentum about the symmetry axis, resulting in spectra that are more complex owing to spin-orbit coupling and K-type doubling which is not present in levels with 2 ⌺ symmetry ͓see, for example, a spectrum in the ͑02 2 0͒ state of CCH shown in Fig. 1͔ . Five vibrationally excited levels were observed in the ground electronic state of CCH: ͑02 0 0͒, ͑02 2 0͒, ͑001͒, ͑011͒, and a level with 2 ⌺ symmetry that was tentatively assigned by high-resolution IR spectroscopy 22 as ͑100͒. Four vibrational levels were measured in CCD: ͑02 2 0͒, ͑001͒, ͑110͒, and a level that appears to be the counterpart of ͑100͒ in CCH. In addition, the ͑010͒ and ͑02 2 0͒ levels of CCD, first seen by Endo et al., 23 were reobserved here. A complete list of observed rotational transitions is available as supplemental material to the present paper. 24 Reference 24 consists of seven tables that list the measured frequencies, the estimated uncertainties, the assignments ͑in-cluding the parity designations͒, and the differences between the measured frequencies and those calculated with the derived spectroscopic constants. The symmetries of the vibrational levels observed here were established from extensive high-resolution IR measurements referred to in the following sections and accompanying tables of spectroscopic constants. 
IV. RESULTS AND DISCUSSION
The rotational spectra of vibrationally excited CCH were analyzed with the same effective Hamiltonians used to analyze electronic states in diatomic molecules. Stephens et al. 22 and Curl et al. 33 showed that the rotational structure of CCH in vibrational levels with 2 ⌺ or 2 ⌸ symmetry can be described by these Hamiltonians, and as a result they have been used in subsequent studies of more than 20 vibrationally excited levels of CCH. It has also been established that these effective Hamiltonians reproduce the rotational spectra of many open-shell linear molecules to very high accuracy ͑typically 1 part in 10 7 the vibrational contribution to q is much larger than the electronic contribution, and the K-type doubling is essentially l type.
There is some confusion in the literature with regard to the sign of the K-type doubling constant q in CCH ͑Ref. 31͒. In the analysis of the ͑010͒ level we adhered to the sign convention appropriate for the 2 ⌸ electronic state, 9, 31 and concluded that q is negative on the assumption that hyperfine doubling constant d is positive. This choice for the sign of q is opposite to that adopted when the spectra are analyzed with a vibration-rotation Hamiltonian, as is the case for most of the IR measurements. Parity assignments in ͑02 2 0͒ were based on the selection rule that an l-type resonance connects states with the same parity and J, and on the assumption that the spin-rotation constant has the same sign as that of the ground state.
In the ground and excited vibrational levels observed at millimeter wavelengths, there are no systematic trends between the observed and calculated frequencies, and there is no evidence for perturbations in the rotational spectra. For CCH, the rms of the fits is comparable to the measurement uncertainties: ϳ14 kHz ͓Tables I, IV, and VI of SM ͑Ref. 24͔͒. There is somewhat greater uncertainty in the line frequencies of CCD, because hyperfine structure ͑hfs͒ is not as well resolved as in CCH. Therefore, the rms of the fits is slightly higher for CCD: ϳ28 kHz ͓Tables II, III, V, and VII of SM ͑Ref. 24͔͒ than for CCH.
A. The 2 bending vibration
Ab initio calculations have shown that the bending potential in CCH is very flat near the linear geometry.
11 When Ervin and Lineberger observed the photoelectron spectrum of the CCH radical by photodetachment of the CCH − anion, 32 they found that the spacings of the vibrational levels in the electronic ground state of CCH increase with increasing excitation of the bending vibration ͑v 2 ͒, i.e., the vibrational anharmonicity is negative. Because of the large anharmonicity, the identification of some vibrational levels in which the bending vibration is excited has proven difficult. Nevertheless, the ͑010͒ level is now well characterized in both CCH ͑Refs. 9, 31, 33, and 34͒ and CCD ͑Refs. 23 and 35͒ owing to extensive IR measurements and to direct observations of the ͑010͒ level both at millimeter wavelengths and by LMR spectroscopy in the far IR. However, the next level ͑020͒ is less well characterized: prior to this work, the only direct observation of ͑02 0 0͒ was that of CCD in the millimeter-wave band. 23 More recently Chiang and Hsu 36 determined the leading spectroscopic constants in the ͑020͒ and ͑030͒ levels of CCH by observing LIF from an excited electronic state approximately 38 000 cm −1 above ground. The rotational constants of the ͑02 0 0͒ and ͑02 2 0͒ states derived from the LIF measurements 36 agree to within ͑2-3͒ with the much more accurate constants in Table I , but there is considerable discrepancy in the fine structure constants: the spin-orbit constant ͑A͒ derived from the LIF spectrum is about twice that in Table I and the spin-rotation constant ͑␥͒ about four times larger.
Now that the spectroscopic properties of the ͑02 0 0͒ and ͑02 2 0͒ states of CCH and CCD ͑Table II͒ have been well determined, the following trends in the fine structure constants of the lowest bending levels can be stated: ͑1͒ ␥ decreases linearly with v 2 ; ͑2͒ ␥ is nearly the same for CCH and CCD in the ͑010͒ and in the ͑020͒ levels, unlike in the ground state where ␥ CCD ϳ͑B CCD / B CCH ͒␥ CCH ; and ͑3͒ A is about 20% smaller in ͑02 2 0͒ than in ͑01 1 0͒. Perić et al. 15 did not calculate A in the K = 2 levels, but from their theoretical predictions for the K = 1 levels in v 2 =1,3,..., A is expected to be roughly 10% smaller in ͑02 2 0͒ than in ͑010͒, which is very close to what is observed.
Because the ͑02 0 0͒ and ͑02 2 0͒ states were analyzed with Hamiltonians appropriate for isolated states, rather than with 42 showed that the rotational constants in the ͑0,v 2 ,0͒ levels can be estimated to within ϳ0.3% in a simple linear regression analysis; however, this approach was subsequently shown to be less accurate when applied to the combination levels ͑0,v 2 ,1͒ and ͑0,v 2 ,2͒ ͑Ref. 36͒.
B. The combination levels "110… and "011…
Excited vibrational levels of CCH and CCD with 2 ⌸ symmetry are difficult to identify at millimeter wavelengths in the absence of fairly good estimates of the spectroscopic constants. Lacking a good estimate of A, the separation of the two spin components is uncertain. Also since the magnitude of A in the lower vibrational levels of CCH is comparable to B, there is a large departure from harmonicity of rotational transitions in the two spin components. In the work described here, the rotational spectra of the ͑110͒ level of CCD and the ͑011͒ level in CCH were identified on the basis of prior IR measurements. The fine structure constants of the ͑011͒ level in CCH derived from the band at 2090.8 cm −1 ͑Ref. 21͒ agree to within a few with the constants determined here, but B and D differ by ͑6-9͒ ͑Table IV͒. The ͑011͒ level in CCD at 1973 cm −1 was only identified in a low-resolution matrix spectrum ͑i.e., not in the gas phase 10 ͒, so we did not search for this level in the millimeterwave band.
Owing to strong vibronic coupling between the ground X 2 ⌺ + state with the excited Ã 2 ⌸ electronic state, there is no definite assignment of the ͑110͒ level in CCH. Although Forney et al. 10 assigned the band at 3600 cm −1 to the ͑110͒ level in the ground electronic state, Pfelzer et al. 18 assigned this same band to the ͑000͒ level of the Ã 2 ⌸ excited electronic state. We did not search for the ͑110͒ level in CCH, but we did observe this level in CCD ͑Table IV͒, so the ͑110͒ level of CCH should be detectable at millimeter wavelengths. The spectroscopic constants of the ͑110͒ level of CCD derived from the millimeter-wave measurements ͑Table IV͒ are in excellent agreement with those derived from the IR spectrum at 2796.0 cm −1 ͑Ref. 43͒, so it should be possible to confirm whether the assignment of Forney et al. is correct, because the hyperfine constants can be predicted very accurately from those of CCD. On the other hand, if the assignment by Pfelzer et al. is correct, the hyperfine constants b F and c will be much different in the Ã 2 ⌸ excited electronic state ͑see Sec. IV F͒ and it might be possible to confirm their assignment from the millimeter-wave spectrum.
C. The C-C stretch "001…
Lines in the rotational spectrum of the ͑001͒ level are stronger than those in any other vibrationally excited level of CCH observed in our discharge. Although ͑001͒ is 1841 cm −1 above ground in CCH ͑Ref. 44͒ and 1743 cm −1 above ground in CCD ͑Ref. 45͒, the millimeter-wave spectrum is only six times weaker than that of the ground state. Another distinct feature of the stretching vibrational levels is the very large spin-rotation interaction, which is ϳ30% greater than that of the ground vibrational state. Our spectroscopic constants differ from the IR measurements by ͑5-14͒ for CCH ͑Table V͒, but the agreement for CCD is much better ͑Table VI͒.
D. The C-H stretch "100…
The C-H stretching fundamental ͑ 1 ͒ has proven difficult to identify in the IR experiments, possibly because of sensitivity, inadequate frequency coverage, or confusion with other organic molecules present in the discharge or photolysis sources. Stephens et al. 22 suggested that the upper level of the 3299 cm −1 band was one of two candidates with 2 ⌺ symmetry that may correspond to ͑100͒, but they were unable to make a definite assignment because they did not observe the corresponding band of the 13 C 13 CH isotopic species. Yan et al. 43 detected the ͑110͒ band of CCD, but they too were unable to confirm the assignment of Stephens et al. because the ͑100͒ level of CCD was not identified. A weak absorption band at 2537 cm −1 was subsequently observed in a neon matrix that was tentatively assigned to the ͑100͒ level of CCD; however, this level has not been observed in the gas phase. 10 We observed the rotational spectrum of the upper level of the 3299 cm −1 band of CCH ͓Fig. 2͑a͔͒ and detected a rotational spectrum in CCD from a vibrational level with 2 ⌺ symmetry ͓Fig. 2͑b͔͒ which may correspond to the upper level of the 3299 cm −1 band of CCH because ͑i͒ the hyperfine coupling constants ͑Table VI͒ are in excellent agreement with those of CCH ͑Table V͒ when the latter are scaled by g H / g D , and ͑ii͒ the intensities of the spectra of CCH and CCD in the respective levels are comparable. In addition, there is other independent evidence that supports the assignment of the ͑100͒ level by Stephens et al.
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͑1͒ Theory predicts that the hyperfine coupling constants in the ͑100͒ level should be nearly the same as those of the ground state 17 and that is what is observed. As shown in Table VII stant c is the same to within the measurement uncertainty with the ground state constants. ͑2͒ As shown in the vibrational temperature diagrams for CCH and CCD ͑Fig. 3͒, the intensities of the millimeter-wave spectra are consistent with those of other vibrational levels observed in our discharge. ͑3͒ Alternate assignments of this level based on ab initio term values, 15 such as ͑080͒ or ͑041͒, would result in levels with at least an order of magnitude lower population in our discharge and a hyperfine coupling constant b F that is predicted to be several times smaller than observed. ͑4͒ The effect of isotopic substitution on the rotationvibration coupling constants ͑␣ i ͒ is consistent with the assignment of the ͑100͒ level. The ratio of ␣ 1 ͑CCH͒ / ␣ 1 ͑CCD͒ derived from our measurements ͑1.15͒ is close to the theoretical ratio ͑0.9; Ref. 46͒. For comparison, the observed and calculated ratios in the ͑001͒ level ͓␣ 3 ͑CCH͒ / ␣ 3 ͑CCD͔͒ are 1.5 and 2.0, respectively.
E. Vibrational excitation in the discharge
We find that the excitation temperature of the ͑0,v 2 ,0͒ bending, and the ͑110͒ and ͑011͒ combination vibrations ͑250± 25 K͒ is about 100 K higher than the kinetic temperature of the discharge ͑150 K͒, but is five to ten times higher for the stretching vibrations ͑1540± 70 K͒. The vibrational temperature diagram ͑Fig. 3͒ is about as expected if the rates of collisional excitation are similar to those of other linear triatomic molecules such as CO 2 , HCN, and OCS. In diatomic molecules observed in a discharge such as ours the vibrational temperature in the first few levels is typically 1000-2000 K which then rises to about 10 4 K in the higher levels, 47 however, vibrational excitation in polyatomic molecules is much more complex owing to Coriolis perturbations and Fermi resonances which couple different states. 48 The relative collision rates have not been calculated for CCH, but are probably similar to that of CO 2 which has been studied extensively both theoretically and experimentally. In a CO 2 laser, it has been shown that the collisional deexcitation of the ͑010͒ level of CO 2 by a variety of collision partners is more than an order of magnitude faster than deexcitation of the ͑001͒ asymmetric stretching fundamental. 49 Theoretical calculations 50 also show that the rate for deexcitation of the bending vibrational level of CO 2 ͑ 2 = 667 cm −1 ͒ by He is much larger than that of the symmetric ͑ 1 = 1388 cm −1 ͒ and asymmetric ͑ 3 = 2349 cm −1 ͒ stretching vibrational states. In addition to rapid collisional deexcitation of the bending vibrational states relative to that of the stretching states, increased population in the CCH stretching states might also result from V → V energy transfer with C 2 H 2 ͑the dominant species in the discharge͒. 
F. Magnetic hyperfine coupling constants
Quantum theoretical calculations show that the hyperfine coupling constants in the excited vibrational levels of CCH depend sensitively on the geometry and the degree of mixing of the X 2 ⌺ and Ã 2 ⌸ electronic states. Perić et al. 16 predicted that the Fermi contact constant ͑b F ͒ in the Ã 2 ⌸ state ͑−43.1 MHz͒ is comparable in magnitude but opposite in sign to that of the ground state ͑44.5 MHz͒, while the dipoledipole constant ͑c͒ was predicted to be over three times greater in the Ã 2 ⌸ state ͑13 vs 45 MHz͒. As the percent 2 ⌸ character increases in the excited vibrational levels of the X 2 ⌺ electronic ground state, b F is predicted to decrease and c to increase. For the vibrational levels observed here in the millimeter-wave band, the percent 2 ⌸ character ranges between 7% in the ground state and 21% in the ͑011͒ level, 14 corresponding to a factor of 2 decrease in b F and a 20% increase in c. Because the hyperfine constants were measured to an accuracy of 1% or better, they provide a sensitive means for determining the accuracy of the ab initio calculations over a fairly wide range in vibronic coupling between the ground and the first excited electronic state of CCH.
Summarized in Table VII are the calculated and measured hyperfine coupling constants b F and c for the seven levels observed in the millimeter-wave band. As shown in Table VII , the calculated constants agree with the measured constants to within 10%-20%. Although the measurements here allow us to examine the theoretical predictions in five additional vibrational levels whose hfs had not previously been determined, the complicated region near the Ã 2 ⌸ state has barely been probed. Now that the ͑000͒ level of the Ã 2 ⌸ state has been tentatively identified and the spectroscopic constants have been determined in CCH and CCD ͑Refs. 18 and 19͒, it may be feasible to observe the millimeter-wave spectrum of the Ã 2 ⌸ state provided it is sufficiently populated in our discharge. The large calculated dipole moment of the Ã 2 ⌸ state ͑3.5 D͒, about five times that of the ground state, 11 should aid in its detection in the millimeter-wave band.
V. CONCLUSIONS
The millimeter-wave spectra of vibrationally excited CCH and CCD are remarkably strong in our gas discharge, especially in the upper levels of the stretching fundamentals which are only about ten times weaker than the ground state lines. The excitation of the excited vibrational levels in our discharge is similar to that of other polyatomic molecules: the vibrational temperature of the bending levels is comparable to the kinetic temperature of the neutral gas whereas the vibrational temperature of the stretching vibrational levels is much higher, tending toward the electron temperature.
Precise values of the spectroscopic constants were determined from the millimeter-wave measurements. The uncertainties of our constants are typically 10-100 times smaller than those derived from the IR spectra. These constants should prove useful in future analysis of IR spectra of excited vibrational levels in CCH and CCD, and of LIF spectra of transitions from excited electronic states to the X 2 ⌺ ground state.
Our observations establish that the hyperfine coupling constants calculated ab initio 17 are accurate to 10%-20% in the lower vibrational levels of the X 2 ⌺ electronic state. Observations of hfs in levels with a higher degree of 2 ⌸ character, including the Ã 2 ⌸ state which has now been identified, 18 would allow important additional comparisons with the ab initio calculations. Owing to the accuracy of the theoretical hyperfine constants, hfs should serve as a reliable spectroscopic signature for the identification of other vibrationally excited levels at millimeter wavelengths.
The millimeter-wave measurements provide new evidence which supports the assignment of the upper level of the C-H stretching fundamental ͑ 1 ͒ by Stephens et al. 22 The observed hyperfine structure, line intensities, and vibrationrotation coupling constants for CCH and CCD are consistent with the predicted properties of the ͑100͒ level.
Approximately 15 molecules in vibrationally excited levels ͑including C 3 H, C 4 H, and C 6 H͒ have been observed in space. Although lines of ground state CCH are very intense in several astronomical sources, vibrationally excited CCH has not been observed. Now that accurate spectroscopic constants for the lowest vibrationally excited levels have been determined, new astronomical searches for vibrationally excited CCH may be conducted with large millimeter-and submillimeter-wave telescopes equipped with sensitive receivers.
